This paper also presents estimates of the level o f environmental contamination produced by a Space Station resistojet during typical propulsion operations. Predicted number density profiles were used to calculate molecular number column density (NCD) as a function of line-of-sight angle for an observer located at the astronomical observation site of the Space Station. For the case of a resistojet using H20 propellant, calculated NCD values rise above the proposed requirements for infrared (IR) species in a restricted viewing region representing 20 percent of the total 471 steradian space. In the case of a resistojet operating on a benign mixture (e.g., noninfrared active) of N2, H2, He and Ar, quiescent limits on NCD are not exceeded until the observer views along line-of-sight angles which pass near, or look into, the resistojet source. The r e s i s t o j e t concept i s r e l a t i v e l y simple, as i l l u s t r a t e d i n Fig. 1 . A p r o p e l l a n t i s passed through a heat exchanger and then expanded through a n o z z l e t o produce t h r u s t . The a c t u a l mechanism o f heat exchange may be one o f convection, conduct i o n , and/or r a d i a t i o n . P o t e n t i a l r e s i s t o j e t prop e l l a n t s i n c l u d e i n e r t gases, water vapor, carbon d i o x i d e , oxygen, cabin a i r , methane, and hydrogen. I n a p a r a l l e l e f f o r t w i t h t h e a n a l y s i s , experimental mass f l u x data have been o b t a i n e d on a l a b o r a t o r y r e s i s t o j e t u s i n g unheated C02 as t h e p r o p e l l a n t . A p a r t i a l mapping o f b o t h t h e f o r w a r d and back f l u x r e g i o n s o f t h e exhaust was conducted u s i n g a temperature-compensated, c r y o g e n i c a l l y c o o l e d q u a r t z c r y s t a l microbalance. P r e l i m i n a r y mass f l u x d a t a a r e t h e n compared w i t h plume dens i t y c a l c u l a t i o n s . D e t a i l s o f t h e measurement technique and experimental hardware a r e described. l e v e l o f environmental contamination caused b y a Space S t a t i o n r e s i s t o j e t d u r i n g t y p i c a l p r o p u l s i o n operations. The assessment i s made f o r a r e s i s t oj e t u s i n g H20 p r o p e l l a n t and a l s o a benign gas m i x t u r e as t h e p r o p e l l a n t . P r e d i c t e d l e v e l s a r e compared w i t h proposed Space S t a t i o n q u i e s c e n t requirements. (3) e1 i s t h e l i m i t i n q t u r n i n q anqle o f t h e gas. The gas v e l o c i t y U-i s removed-from t h e i n t e g r a n d and becomes t h e l i m i t i n g gas v e l o c i t y U, which i s independent o f r and e. Next, t h e a n g l e eo and t h e parameter 5 are estimated. F o l l o w i n g Simons' a n a l y s i s , t h e boundary l a y e r mass f l o w may be r e l a t e d t o t h e mass f l o w i n t h e plume t h a t i s d i v e r g i n g a t angles g r e a t e r than eo t o y i e l d where 6 i s t h e boundary l a y e r thickness. I t i s assumed t h a t t h e displacement t h i c k n e s s i s small i n comoarison t o 6. The above e q u a t i o n d i f f e r s from Simons' b a s i c e q u a t i o n o n l y i n t h e r e t e n t i o n o f t h e 62 term. Simons neglected t h i s h i g h e r ordered t e r m because he was i n v e s t i g a t i n g r o c k e t n o z z l e f l o w w i t h very small boundary l a y e r s (i.e., eo e, ) . I n r e s i s t o j e t plume a n a l y s i s t h i s t e r m i s n o t n e g l i g i b l e because, i n many cases, t h e boundary l a y e r may make up a considera b l e p o r t i o n o f t h e n o z z l e volume. As a r e s u l t o f t h e v e l o c i t y p r o f i l e i n t h e n o z z l e boundary l a y e r , i t should be n o t e d t h a t , i n t h e plume boundary l a y e r region, t h e r e i s more than-one l i m i t i n g v e l o c i t y such t h a t U becomes U upon i t s (1) number column d e n s i t y (NCD)t h e molecular number d e n s i t y i n t e g r a t e d along a g i v e n line-ofs i g h t ;
L a s t l y , t h i s paper presents estimates o f t h e

Simons then d e f i n e s t h e plume n o r m a l i z a t i o n c o n s t a n t A, as
( 2 ) backflowf l o w t u r n i n g through anqles g r e a t e r t h a n 90' f r o m t h e n o z z l e c e n t e r l i n e ; 
LOS). Column d e n s i t i e s can be determined a n a l y ti c a l l y b y i n t e g r a t i n g t h e plume number d e n s i t y along a LOS f r o m t h e observer l o c a t i o n t o i n f i n i t y .
A r e a l i s t i c o p e r a t i o n a l scenario i s i l l u s t r a t e d i n Also shown in Fig. 5 is the laboratory resistojet used in this study. The main body of the resistojet is made of InconelO while the internal heating element is grain-stabilized platinum. mately 150 W of power to the heater, the mass flux measurement experiments described here-in consist solely of cold flow thruster operation. Carbon dioxide was chosen as the propellant because of its potential usage for Space Station propulsion and because the gas can condense at the LN temperatures. The mass flow rate was 0.20 gfsec at 298 K. This corresponds to a thrust level of 0.12 N (28 mlbf). Further information on the thruster characteristics and operating conditions can be found in the first portion of Table 2 .
Figure 5 also points out an obvious diffi-Although it is possible to supply approxiculty with the use o f intrusive probe techniques for local, near field measurements of the resistojet exhaust. nozzle geometry precludes the use of many probe types in the vicinity of the thruster exit. The QCM and mounting bracket did cause a disturbance to the exhaust flow at some measurement locations; however, because the heat sink and bracket surfaces were maintained at the saturation temperature of LN , it can be assumed that the greater portion of $02 mass flux hitting the surfaces condensed on them, thereby reducing the disturbance.
Quite often, the extremely small Test Facility and Experimental Set-Up
The mass flux measurements were conducted in the 4.6 m (15 ft) diameter vacuum facility at NASA Lewis. The vacuum tank has a 4.2 m inner working diameter and is 19 m long. for its size and pumping capacity. It is equipped with a pumping train consisting of 20 oil diffusion pumps, backed by four rotary blowers and four rotary piston vacuum pumps. The tank is also equipped with a LNpcooled condensor which lines the major portion of the inner tank wall for added pumping capability. the specified earlier, the tank maint ined a back-
The cryogenically cooled QCM and the resisto-
The tank was chosen For the resistojet mass flow ground pressure of 2.7~10-~ Pa (2x10-8 torr). jet were mounted on radial pGsitioning arms as shown in Fig. 6 . at the end of pushlpull rods that extended the assembly into the main tank area through a 0.9 m (36 in.) diameter port entrance as shown in the figure. two axial positioning rods on a moveable test cart. The arms could rotate radially through a 90' arc (+45' with respect true vertical); similarly, the pushlpull rods could be positioned axially to permit a mass flux mapping of one quadrant of the assumed axisymnetric exhaust. Electronic inclinometers attached at the end of the push/pull rods were used to mark the location of the arms with respect to the true vertical position. Because the tank LN2 baffles were in use during the experiments, the sensitive electronics of the QCM and inclinometers were kept operational by wrapping them with resistive heating tape.
The two arms were rigidly attache A retractable aluminum tray supported the Procedure Prior to each mass flux experiment, the positions of the QCM and the thruster were calibrated for the region of exhaust to be surveyed. Additionally, cooldown of the large vacuum tank baffles was initiated at least 15 hr before each test. The temperatures of several critical baffle locations were monitered throughout the duration of the test period to ensure a near-equilibrium tank background condition.
The experimental assembly was installed in the 0.9 m diameter belljar entrance to the tank. The QCM sensor was internally heated to +90 ' C for a period of about 20 min to clean the sensor crystal of possible contaminants. Once this was completed, the axial positioning rods holding the QCM and thruster were carefully extended into the main tank area and cooldown of the QCM was begun. This cooldown generally took 1 to 1-1/2 hr. QCM heat sink was cooled to -196 ' C and then maintained at this temperature with a continuous flow of LN2 through the aluminum mounting bracket. A 150 liter (40 gal) dewar supplied the LN2 at 140 to 310 KPa (20 to 45 psia). The QCM sensor was set to a desired temperature with the control unit. Once the sensor and the heat sink had stablized at desired temperatures, background mass flux data (e.g., no thruster flow) were taken for a period of 30 min or longer. Typically, the background mass flux decreased slightly during the tesb. period so it was rechecked periodically. ground mass flux was usually 2 to 3 percent of the centerline flux during thruster operation.
The Tht? back-
Back flux Measurements
Back flux measurements were conducted to find the percentage of mass flow turning through angles greater than 90' from the thruster centerline and also the limiting turning angle. arrangement for the QCM on its positioning arm did not permit in-situ rotation of the QCM sensor into the flow streamlines. However, it was possible to orient the QCM in three different positions: with the plane of the QCM sensor crystal perpendicular t o the thruster centerline; ( 2 ) with the sensor crystal plane at 135' frGm the thruzter centerline; and (3) with the sensor plane 180 to the thruster exit plane to determine back-scatter effects. d temperature control was set so that the sensor reached its lowest possible temperature (-189.6 'C) to ensure condensation of the C 9 . Deposition rates were measured with the QCM oriented in all three of the above-mentioned positions.
The mounting
(1)
For the back flux measurements, the QCM
Forward Flux Measurements
The QCM used in this study had a limited dynamic loading capability. rapid changes in the flow pattern would cause the sensor to be overloaded. erally be characterized by an exponential rise in the frequency output to approximately 8 to 10 kHz where the signal disappeared. The limitations of the QCM dynamic response and also the physcial limitations imposed by the measurement apparatus precluded the measurement of CO2 deposition rates in the forward flux region. However, the GO2 propellant did contain a small percentage of water High flux rates or This overload would gen- The usual t e s t procedure i n v o l v e d moving t h e QCM and t h r u s t e r t o i n i t i a l measurement l o c a t i o n s ( u s u a l l y a t a r a d i a l d i s t a n c e o f a t l e a s t 50 cm from one another), e s t a b l i s h i n g a background mass f l u x r a t e on t h e sensor, and then b e g i n n i n g prop e l l a n t f l o w through t h e t h r u s t e r . 
t a k e n a t 1 min t i m e i n t e r v a l s , r e c o r d i n g t h e OCM b e a t frequency output, t h e h e a t s i n k and sensor temperatures, as w e l l as t h e temperatures o f a l l s e n s i t i v e e l e c t r o n i c s . Generally, t h e QCM d a t a were taken f o r a period o f a t l e a s t 5 t o 10 min a t any one l o c a t i o n before moving t o a new one. Because o f t h e l i m i t e d dynamic l o a d i n g c a p a b i l i t y o f t h e QCM, i t was easier t o move t h e t h r u s t e r w i t h r e s p e c t t o t h e QCM r a t h e r than v i c e versa so t h i s was done where possible. Nonetheless, i t u s u a l l y took several minutes t o r e -e s t a b l i s h a s t a b l e frequency output whenever t h e QCM was subj e c t e d t o any change i n t h e f l o w p a t t e r n .
I n t e r o r e t a t i o n o f Results
o c o n v e r t t h e measured mass f l u x t o a CO2 number d e n s i t y , t h e values o f two i m p o r t a n t parameters must be obtained. The f i r s t parameter i s t h e gas v e l o c i t y a t t h e l o c a t i o n o f i n t e r e s t . Me u r e have shown t h a t t h e gas v e l o c i t y e x p o n e n t i a l l y decreases away from the t h r u s t e r c e n t e r l i n e t o a value which i s one h a l f o f t h e e x i t v e l o c i t y a t
t h e l i m i t i n g t u r n i n g angle e , . Here, t h e p r i m a r y concern i s w i t h a random f l u x d e p o s i t i o n which i s depende n t upon an average gas temperature; hence, t h e c a p t u r e c o e f f i c i e n t was assumed t o be i n pendent o f t h e r a t e o f incidence on t h e surface.j?
A s i m i l i a r r e l at i o n s h i p f o r t h e CO;, v e l o c i t y may be obtained, as
The measured values o f C f o r b o t h carbon d i o x i d e and water as a f u n c t i o n of gas temperature may be found i n Table 3 
. d e p o s i t i o n , as i n t h e present case, i t seems l i k e l y t h a t n o t o n l y w i l l some o f t h e i n c i d e n t p a r t i c l e s r e f l e c t o f f t h e s u r f a c e a f t e r t h e c o ll i s i o n , b u t a l s o some o f t h e p a r t i c l e s a l r e a d y trapped b y t h e surface may be desorbed b y t h e a c t i o n of impingement. S p e c i f i c experiments t o determine t h e e x t e n t o f t h i s e f f e c t can be per-
formed; however, due t o t h e p r e l i m i n a r y n a t u r e o f t h e mass f l u x d a t a presented here, t h e measured values of C a t 300 K found i n Table 3 w i l l be used i n t h e d a t a r e d u c t i o n .
I n t h e case of d i r e c t e d f l u x R e s u l t s and Discussion
T h i s s e c t i o n presents r e s u l t s o f t h e a n a l y ti c a l and experimental i n v e s t i g a t i o n o f t h e r e s i s t oj e t plume. developed e a r l i e r a r e a p p l i e d t o a l a b o r a t o r y
r e s i s t o j e t u s i n g unheated Co;! as t h e p r o p e l l a n t .
Mass f l u x d a t a taken w i t h a c r y o g e n i c a l l y c o o l e d q u a r t z c r y s t a l microbalance a r e converted t o number d e n s i t y p r o f i l e s f o r comparison. The upper p o r t i o n o f Table 2 l i s t s t h e major c h a r a c t e r i s t i c s and o p e r a t i n g c o n d i t i o n s of t h e l a b o r a t o r y r e s i s t oj e t f o r b o t h a n a l y s i s and experiment. T h i s sect i o n a l s o presents estimates o f t h e l e v e l o f environmental contamination caused b y a Space S t a t i o n r e s i s t o j e t d u r i n g p r o p u l s i o n operations. Table 4 l i s t s t h e major c h a r a c t e r i s t i c s and opera t i n g c o n d i t i o n s o f t h e Space S t a t i o n r e s i s t o j e t u s i n g H20 p r o p e l l a n t and a l s o a benign m i x t u r e as t h e p r o p e l l a n t . Comparisons a r e made between p r e d i c t e d number column d e n s i t y l e v e l s and proposed quiescent requirements. F i r s t , t h e source f l o w equations C a l c u l a t i o n s o f t h e L a b o r a t o r y R e s i s t o j e t Exhaust Flow F i e l d C a l c u l a t e d n o z z l e e x i t c o n d i t i o n s and plume p r o p e r t i e s o f t h e l a b o r a t o r y t h r u s t e r are g i v e n i n t h e lower p o r t i o n o f Table 2. F o r t h e f l o w condit i o n s s p e c i f i e d , t h e c a l c u l a t e d boundary l a y e r comprises over 40 percent o f t h e cross-sectional area a t t h e n o z z l e e x i t . The c a l c u l a t e d e x i t v e l o c i t y i s 634 mlsec. I t should be mentioned t h a t t h i s value compares w e l l w i t h a measured value o f 627 mlsec, based on t h r u s t measurements o f t h i same t h r u s t e r under s i m i l a r f l o w conditions.?'
The r e s u l t a n t exhaust f l o w f i e l d i s shown i n Fig. 7 . 
y away from t h e t h r u s t e r center1 i n e demonstrates t h e r e l a t i v e l y benign n a t u r e o f r e s i s t o j e t o p e r a t i o n i n t h a t i t s g r e a te s t impact w i l l be i n a very c o n f i n e d r e g i o n o f space d i r e c t l y downstream of t h e t h r u s t e r . f l o w c a l c u l a t i o n s based on these d e n s i t y c o n t o u r s i n d i c a t e t h a t t h e i n v i s c i d c o r e r e g i o n o f t h e plume comprises 60 p e r c e n t o f t h e t o t a l mass f l o w w h i l e 75 p e r c e n t o f t h e f l o t i s w i t h i n a symmet-
l u x d a t a t a k e n w i t h t h e QCM. t h e c r y s t a l s was s e t as c o l d as p o s s i b l e so t h a t
The temperature o f 
COP d e p o s i t i o n r a t e s were measured. i n t h e f i g u r e mark t h e l o c a t i o n o f t h e QCM and the f l a t p o r t i o n o f each symbol denotes t h e o r i e n t a t i o n o f t h e sensor c r y s t a l w i t h r e s p e c t t o t h e t h r u s t e r
a t e decreased s h a r p l y t o a measureable l e v e l which bas j u s t s l i g h t l y above t h e background. should be n o t e d t h a t , a t t h i s measurement location, 54 p e r c e n t o f t h e c r y s t a l area i s s t i l l w i t h i n d i r e c t l i n e o f s i g h t o f t h e edge o f t h e n o z z l e l i p .
These CO c o l l e c t i o n d a t a seem t o i n d i c a t e t h a t the f l o w i s f r a v e l l i n g along a s t r a i g h t p a t h (i.e., f r e e m o l e c u l a r f l o w ) . Further, and perhaps more i m p o r t a n t l y , t h e sharp decrease i n d e n s i t y between 97 and 99 suggests a d e f i n i t e boundary t o t h e g r e a t e s t p o r t i o n o f t h e mass f l u x (>99 percent), b u t one which i s beyond t h e c a l c u l a t e d l i m i t i n g angle, e , = 90'. T h i s discrepancy can be accounted f o r , i n p a r t , b y an a c t u a l displacement thickness l a r g e r t h a n t h a t used i n t h e a n a l y s i s . As shown i n Fig. 11 , t h e Nonetheless, t h e obvious d i s p a r i t y between calcul a t e d NCD values and t h e proposed l i m i t s i n d i c a t e s t h a t a r e s i s t o j e t should n o t use H20 p r o p e l l a n t d u r i n g quiescent periods i f observations a r e t o b e made along LOS angles between 15 and 150'. I t should be mentioned here t h a t t h e s o l i d angle subtended b y t h i s r e s t r i c t e d v i f w i n q r e g i o n r e p r e s e n t s o n l y 20 percent of the t o t a l 471 s t e r a d i a n viewinq space. b e n i g n gas m i x t u r e (Fig. 12 
